A morbidity-mortality event involving virulent Newcastle disease virus (NDV) in wild double-crested cormorants (Phalacrocorax auritus) occurred in North America in the summer of 2008. All 22 viruses isolated from cormorants were positively identified by the USDA-validated real-time reverse transcription-PCR assay targeting the matrix gene. However, the USDA-validated reverse transcription-PCR assay targeting the fusion gene that is specific for virulent isolates identified only 1 of these 22 isolates. Additionally, several of these isolates have been sequenced, and this information was used to identify genomic changes that caused the failure of the test and to revisit the evolution of NDV in cormorants. The forward primer and fusion probe were redesigned from the 2008 cormorant isolate sequence, and the revised fusion gene test successfully identified all 22 isolates. Phylogenetic analyses using both the full fusion sequence and the partial 374-nucleotide sequence identified these isolates as genotype V, with their nearest ancestor being an earlier isolate collected from Nevada in 2005. Histopathological analysis of this ancestral strain revealed morphological changes in the brain consistent with that of the traditional mesogenic pathotypes in cormorants. Intracerebral pathogenicity assays indicated that each of these isolates is virulent with values of >0.7 but not more virulent than earlier isolates reported from Canada.
The regulations of the World Organization for Animal Health (Biological Standards Commission Office, Office International des Epizooties [OIE] , Paris, France, 2004) consider the previously classified mesogenic Newcastle disease virus (NDV) to be virulent on the basis of the sequence of the fusion protein cleavage site. This typically includes cormorant viruses (21) . Cormorant viruses represent an interesting biological system because, together with pigeon viruses, they represent the two known natural reservoirs of virulent viruses in wild birds (6) . NDV does not typically cause disease in adult cormorants, but as witnessed by the event described here and previous events, they can cause substantial mortality in juveniles. Additionally, this poses a major threat to the poultry industry, as wild birds, including cormorants, have been suspected of being the source of poultry outbreaks (3, 17) .
To assess the risk that these viruses pose to poultry, it is important to continually evaluate the evolution and pathogenic characteristics of the viruses. The last analysis of the evolution of cormorant NDV was done in 2003 (21) . There, on the basis of analysis of the fusion protein cleavage site sequence, 12 cormorant isolates recovered in Canada between 1995 and 2000 were found to form a separate clade. This may indicate significant evolution of an NDV population in wild birds that is generally considered stable. Here, we have evaluated the evolutionary and biological changes of the cormorant viruses over 16 years. The evolutionary changes measured were sufficient to cause changes in the most variable regions of the genome, including the region encoding the fusion protein amino terminal region. These changes in the fusion protein cleavage site obviously did not affect the outcome of the identification of the virus using the USDA-validated real-time reverse transcription-PCR (rRT-PCR) assay targeting the matrix gene (the M-gene assay), nor were the changes in this region sufficient to change the pathogenicity of the virus. Unfortunately, the USDA-validated rRT-PCR assay targeting the fusion gene (the F-gene assay) that is specific for virulent isolates identified only some of these cormorant isolates. If diagnostic laboratories do not perform additional tests, such as the test for the intracerebral pathogenicity index (ICPI), amino acid sequencing, or the mean death time (MDT) in embryonated chicken eggs (ECE), along with the F-gene assay, false-negative results could potentially prolong the identification of the source of an outbreak. Here, we report on the sequence characterization of the fusion proteins of 22 isolates from 2008 and 4 isolates from 2002 to 2006 and compare the findings to those for the fusion proteins of 19 viruses isolated from 1992 to 1998. In addition, we report on the development of a new set of primers and probes that recognize the fusion cleavage site of virulent cormorant NDVs, allowing their rapid characterization.
MATERIALS AND METHODS
Isolates and sequence data. All newly characterized NDV isolates are part of the USDA Southeast Poultry Research Laboratory repository. This includes isolates obtained from the USDA Animal and Plant Health Inspection Services (APHIS) Wildlife Services, the USDA APHIS National Veterinary Services Laboratory (NVSL) repository, the U.S. Geological Survey National Wildlife Health Center (Madison, WI), and the Southeastern Cooperative for Wildlife Disease (Athens, GA). The samples obtained for this analysis were collected by state and federal wildlife officials working closely with laboratory diagnosticians; therefore, initial viral identification was possible and was based on a hemagglutination (HA) assay, followed by hemagglutination inhibition (HI) assays. However, since NDVs from cormorants typically do not hemagglutinate red blood cells well, if at all, egg death pattern analysis, nucleic acid sequencing, and the matrix gene rRT-PCR test were often done. NDV was isolated only from doublecrested cormorants (Phalacrocorax auritus) ( Table 1 ). All isolates with tree names that do not begin with "G" did not have previous GenBank submissions. These were sequenced and submitted to GenBank. The 374-nucleotide (nt) region of the fusion gene was sequenced (n ϭ 30), including the full fusion gene for four isolates.
Sequencing analysis was performed as described previously (11) . Briefly, all sequencing reactions were performed with fluorescent dideoxynucleotide terminators in an automated sequencer (ABI 3730XL; Applied Biosystems Inc., Foster City, CA). Nucleotide sequence editing and analyses were conducted with a sequence analysis software package (LaserGene, version 5.07; DNAStar, Inc., Madison, WI). Using the full-length genome positions from the complete genome of the NDV LaSota vaccine strain (GenBank accession no. AF077761), the homologous regions sequenced were as follows: a 374-bp partial F gene (positions 4554 to 4917) and the complete coding region for the F gene (positions 4544 to 6205).
Pathogenicity assessment. The pathogenic potential for selected isolates was evaluated using standard assay methods to determine the ICPI in 1-day-old chicks (2) .
Animal experiment and tissue collection. There were three groups of 10 4-week-old specific-pathogen-free (SPF) White Leghorn chickens. Each of the groups was inoculated bilaterally in the conjunctival sac with 0. . The birds were monitored daily, and two birds from each group (PBS inoculated and infected) were sampled at days 3 and 6. Severely sick or terminally ill birds were sampled regardless of the scheduled sampling day. The birds were anesthetized and then euthanized with an intravenous injection of pentobarbital (Sigma-Aldrich, St. Louis, MO). Immediately postmortem, a necropsy was performed and tissues were harvested for histology.
Histopathology. Sample tissues were fixed with 10% neutral buffered formalin for approximately 52 h. All sampled tissues were routinely processed into paraffin blocks, and 3-to 5-m sections were cut for hematoxylin-eosin (H&E) staining. All tissues were examined histologically, and the severity of the lesions was recorded.
Real-time RT-PCR. All viruses (n ϭ 34) were tested using the USDA-validated M-gene and F-gene assay protocols (22) . The F-gene assay was modified on the basis of the consensus sequence of an alignment (Fig. 1 ) of the 2008 cormorant NDV viruses reported here (n ϭ 11). An alternate probe, 5Ј-6-carboxyfluorescein-ACAAAACGTTTCTGTCTCTTTCCTCTA-Black Hole Quencher-1, and an alternate forward primer, ACACTGACCACTTTACT CAC, were used.
Phylogenetic analysis. The full coding region and 374-bp amino-terminal endcoding region of the F gene from the cormorant isolates were compared to reference sequences representing known genotypes. The 374-bp region of the F gene, which has commonly been used for phylogenetic analysis of NDV (1), was used for all (n ϭ 68) isolates. The complete fusion-coding sequence was used to make phylogenetic trees of selected representative isolates and to localize the U.S. cormorant viruses among other class II genotype reference sequences (n ϭ 91). Phylogenetic analyses were conducted in the MEGA, version 4 (MEGA4), software program (20) . The evolutionary distances were computed using MEGA software program, based on neighbor-joining trees using the Kimura two-parameter method (13) , with all codon positions being included. There were a total of 1,652 positions in the final data set of the complete fusion protein. The virus names used in the phylogenetic trees and included in Table 1 include G (indicating the GenBank accession number)/year of collection/the two-letter International Standards Organization (ISO) country code/GenInfo sequence identifier number (GI) accession number. GI is used because it is permanently linked to the sequence used in the tree and is not subject to the changes that may occur with GenBank accession numbers.
Nucleotide sequence accession numbers. The NDV sequences characterized in the present study were submitted to GenBank and can be found under accession numbers GU332648 to GU332677.
RESULTS
Twenty-two isolates from the 2008 cormorant NDV morbidity-mortality event in Minnesota, as well as six other North American isolates collected since the most recent cormorant NDV phylogenetic characterization (21), were phylogenetically characterized. American white pelicans (Pelecanus erythrorhynchos) and ring-billed gulls (Larus delawarensis) were also involved in the morbidity-mortality event (Paul Wolf, personal communication); however, samples from these species were not included in this analysis. Numerous other isolates collected earlier (1992 to 1998) were similarly analyzed so that the most accurate phylogenetic relationship of the 2008 isolates could be determined. All NDV isolates used in the analyses are listed in Table 1 .
Four of the isolates were pathotyped according to their ICPI, and each was virulent according to the OIE standard. The OIE standard states that virulent viruses have an ICPI of Ն0.7 or encode multiple basic amino acids at the C terminus of the F2 protein and have phenylalanine at residue 117. Each virus encoded a virulent fusion cleavage site motif ( 112 R/ KRQKRF 117 ), and the ICPI for selected isolates (n ϭ 4) ranged from 1.36 to 1.54 (Table 2) .
Initial testing demonstrated that all isolates were positively identified by the USDA validated real-time RT-PCR M-gene assay (threshold cycle [C T ] range, 13.47 to 36.17); however, only 1 of the 10 isolates recovered in 2008 and 4 of the 14 isolates recovered since 2002 tested were detected using the F-gene assay, after duplicate attempts (C T value, 0; Table 2 ). This is in contrast to the results for isolates that predate 2002, all of which were detected (n ϭ 18). To determine whether mismatches at the probe site were responsible for the F-gene assay failure, representative viruses were sequenced and the sequences were compared to those of older isolates. A cormorant virus-specific probe was then designed by evaluating the alignment of 24 nt of cormorant NDV sequences (positions 4863 to 4896), which encode the 112 R/KRQKRF 117 motif, by comparison to the alignment obtained with the F-gene assay probe ( A total of 2,022 NDV sequences, from a total of over 3,000 in GenBank, have a virulent fusion protein cleavage site. These were analyzed for the presence of mismatches with the original fusion probe. Of these 2,022, a total of 1,836 sequences (90.8%) have three or fewer mismatches and 186 have four or more mismatches. The sequences with four or more mismatches were analyzed phylogenetically (Fig. 2) . The majority of the sequences corresponded to the sequence of the previously reported genotype VIb virus of pigeons (12) ; however, viruses with changes likely to cause failure in the USDAvalidated F-gene test were also found in genotype I viruses (those from the Australian outbreak from 1998 to 2000), genotype II viruses, and of course, the cormorant samples.
To determine the viability of the USDA-validated F-gene Fig. 2 and n ϭ 68 sequences for Fig. 3 . The virus names used in the phylogenetic trees contain G (when they are available in GenBank)/year of collection/the two-digit ISO country code abbreviation/GI accession number (when it is available) or the in-house virus identification number. Isolates are listed in the order in which they appear on the tree. The two-letter species abbreviations are given, when they are known, as follows: Cr, cormorant; Tk, turkey; An, anhinga; Mx, mixed; Ck, chicken; GF, game fowl; Pg, pigeon; Dv, dove; Tn, tern; Go, goose; Mn, mandarin duck; Md, mallard duck; Tl, teal; Pt, parrot; Mv, muscovy duck; Dk, duck. ‫,ء‬ isolates first characterized in this study.
FIG. 1. Comparison of NDV sequences from recent cormorant virus isolates.
The nucleotide alignment of the fusion protein cleavage site and adjacent sites for 11 new cormorant NDV isolates is shown. The sequences of both the original fusion probe and the cormorant virus-specific probes are shown above and are aligned with the majority sequence of isolates from before 1992, which the original fusion probe was designed to detect. The changes made in the new cormorant virus-specific fusion probe are underlined. Consensus matches (relative to the majority pre-1992) are shown as dots. The columns labeled "old" and "new" contain ϩ or Ϫ to indicate the results of the respective fusion gene rRT-PCR test for each isolate.
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test, we analyzed the sequences of all available virulent isolates (as determined by reported virulence or the F-gene cleavage sequence). A total of 2,022 sequences from GenBank were compared, and the frequency of nucleotide distribution was analyzed using the BioEdit program (Fig. 3A) . The sequences with less than four mismatches represented 90.8% of all the sequences available in GenBank, indicating that the test is still representative of the dominant nucleotides in NDVs worldwide and remains a valuable tool for the rapid assessment of virulence. In addition, all sequences containing four or more mismatches (n ϭ 186) were analyzed separately, since, on the basis of our previous experience with the fusion test, those sequences are likely not to be detected by the USDA-validated F-gene test (Fig. 3B) . Cormorant viruses represent a subpopulation of viruses that have significant changes at specific positions. For those viruses that had four or more mismatches, higher frequencies of differences were found at positions 1, 6, 13, 14, 19, and 22 (asterisks in Fig. 3 ), where the predominant nucleotide is either rare or variable. The cormorant-specific F-gene probe assay is not likely to be a substitute for the fusion test as a general identification assay, as the type of changes occurring in cormorant viruses are specific for the species.
To determine the distribution of the 2008 viruses in comparison to known genotypes, sequencing and phylogenetic analysis were done. The phylogenetic analysis used only the 374-nucleotide partial fusion sequence to allow comparison with the largest possible number of cormorant isolates (Fig. 4) . (Fig. 5 ). This analysis included many strains isolated from other bird species that are of several different genotypes. As was seen with the 374-nucleotide partial fusion tree, a 2006 Georgia isolate and a 2003 Wisconsin isolate (isolate names in the tree, (Table 2) . Despite the sequence changes that rendered the F-gene assay undependable, no significant increase in pathogenicity in 1-day-old chicks was noted. This is not surprising, since the nucleotide change seen in the F-gene cleavage site of the 2008 isolates results in a conservative R-to-K amino acid substitution. Additionally, the isolate determined to be the most likely ancestor of the 2008 isolates, 2005 Nevada, was more thoroughly characterized by observation of in vivo pathogenesis in experimentally infected juvenile SPF chickens (Fig. 6 ). Mesogenic NDV is not thought to cause clinical disease in adult cormorants. During morbidity-mortality events, however, juveniles have a significant mortality rate and exhibit central nervous system signs, such as limb paralysis and head trembling (5, 14) , that have been linked to cerebellar lesions (15, 16) . In 4-week-old chickens inoculated with the 2005 Nevada cormorant virus, minimal morphological changes were noted in the eyelids, spleens, cecal tonsils, and hearts at 6 days postinfection (dpi) ( Table 3) . Furthermore, there was no evidence of any necrosis or lymphocytic depletion in the spleens determined by HE staining (Fig. 6C) . A highly pathogenic NDV from the 2002 California outbreak in chickens was used as a positive control for disease. As an example, the spleens of chickens infected with the velogenic California 2002 isolate (18) showed multifocal to coalescing areas of necrosis and severe depletion of lymphocytes at 3 dpi (Fig. 6D) .
With the 2005 Nevada virus, the only organ with morphological changes was the brain. At 6 dpi, there was encephalitis, especially in the cerebellum, characterized by multifocal areas of perivascular cuffing and gliosis (Fig. 6A) . Control birds showed no perivascular cuffing in the cerebellum, and the vessels were minimally evident (Fig. 6B) . Phylogenetic analysis of NDV strains predicted to fail the USDA-validated F-gene test. The evolutionary history was inferred using the neighbor-joining method (19) . The optimal tree with the sum of the branch length of 1.97627992 is shown. The tree is drawn to scale, with the branch lengths being in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Kimura two-parameter method (13) and are in the units of the number of base substitutions per site. The codon positions included were the 1st, 2nd, 3rd, and noncoding postions. All positions containing gaps and missing data were eliminated from the data set (complete deletion option). There were a total of 373 positions in the final data set. Phylogenetic analyses were conducted in MEGA4 (20) . The 2005 Nevada Cormorant NDV strain is marked with an asterisk. The GI and GenBank accession numbers of the isolates are listed in Table S1 in the supplemental material. the North American cormorant NDV strains since the last major outbreak in 1992, the phylogenetic analyses show a continued change in the genotype. Regardless, there is much concern over the ability of less virulent strains to evolve into more virulent strains, as has been surmised in outbreaks in Ireland (1990) (3) and Australia (1998 to 2000) (8) and in experiments in a laboratory setting (10) . The USDA NVSL pathotypes all NDV isolates by ICPI and/or amino acid sequencing. To date, a USDA-validated F-gene assay directed at the fusion cleavage site of NDV has been effective at differentiating virulent strains from those of low virulence (22) . The F-gene assay is not an official pathotyping assay but is important for the rapid and efficient identification of virulent NDV, particularly during outbreaks. This differentiation test is key because the mere presence of NDV is not predictive of a disease outbreak because low-virulence strains circulate in wild birds and vaccine strains are administered to poultry (22) . The F-gene assay failed to detect 9 of 10 cormorant isolates from 2008 and 1 isolate that our phylogenetic analyses showed was their nearest relative, the 2005 Nevada virus. This result is likely because this test was designed to specifically detect viruses from a 2002 outbreak in California (22) . It appears that as NDV continues to evolve, no one PCR test will be effective for the detection of all viruses. The mod- FIG. 5 . Phylogenetic analysis of the fusion gene sequences of 91 NDV isolates. The evolutionary history was inferred using the neighbor-joining method (19) . The optimal tree with the sum of the branch length of 1.00148249 is shown. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches (7). The tree is drawn to scale, with the branch lengths being in the same units as those of the evolutionary distances used to infer the phylogenetic tree. *, isolates first characterized in this study. ified F-gene test with a new forward primer and probe successfully detected all older isolates tested and all 2008 isolates. However, the cormorant virus-specific probe is not likely to be a substitute for the F-gene test as a general identification test because the changes observed in cormorant viruses tend to be specific for the species. On the basis of our previous experience with the F-gene test, sequences containing four or more mismatches are not likely to be detected. In total, the new cormorant virus-specific F-gene test has been tested on a range of viruses isolated over a period of time from 1992 to 2008. Since the accurate identification of virulent isolates is important to continued monitoring efforts, modification of existing rRT-PCR tests should be expected as viruses continue to evolve. 
DISCUSSION

